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Abstract: 
The mineral ettringite has been studied using a number of techniques, including XRD, SEM 
with EDX, thermogravimetry and vibrational spectroscopy.  The mineral proved to be 
composed of 53 % of ettringite and 47 % of thaumasite in a solid solution. Thermogravimetry 
shows a mass loss of 46.2 % up to 1000 °C.  Raman spectroscopy identifies multiple sulphate 
symmetric stretching modes in line with the three sulphate crystallographically different sites.  
Raman spectroscopy also identifies a band at 1072 cm-1 attributed to a carbonate symmetric 
stretching mode, confirming the presence of thaumasite. The observation of multiple bands in 
the ν4  spectral region between 700 and 550 cm-1 offers evidence for the reduction in 
symmetry of the sulphate anion from Td to C2v or even lower symmetry.  The Raman band at 
3629 cm-1 is assigned to the OH unit stretching vibration and the broad feature at around 
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3487 cm-1 to water stretching bands.  Vibrational spectroscopy enables an assessment of the 
molecular structure of natural ettringite to be made.   
Keywords: Raman spectroscopy, ettringite, Kuruman, infrared spectroscopy, thermal 
analysis 
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1. Introduction 
 
Ettringite is a rare hydrous calcium alumina-sulphate mineral with chemical formula given as 
Ca6Al2(OH)12(SO4)3·26H2O. The mineral was first described in 1874 in Germany. This 
mineral is often found in low temperature hydrothermal mineral deposits and alkaline 
evaporites [1].  The crystal system is trigonal, with the following cell parameters: a = 11.229 
Å, b = 11.229 Å, c = 21.478 Å, α = 90º, β = 90º and γ = 120º [2]. The space group of 
ettringite is P31c. However, ettringite frequently displays diffraction symmetry consistent 
with space group P63/mmc [2]. Ettringite belongs to the homonymous group that also 
includes thaumasite, sturmanite, charlesite, buryatite, jouravskite, bentorite, hielschetite, 
kottenheimite, micheelsenite and carraraite. 
 
The crystal structure of ettringite is formed by columns of [Al(OH)6]3− octahedra linked 
together by calcium ions. The OH- anions are shared between Al-octahedra and Ca-polyhedra 
and each of the latter contains four water molecules, which are located on the outer surface of 
the columns. Al3+ can be changed by Fe3+ as well as by Cd2+ and Cr3+. The sulphate 
tetrahedra can be partially or entirely replaced by SeO42− and CrO42− [3]. 
 
Ettringite is a component that may be found in Portland cement as a product of a reaction of 
tricalcium aluminate with calcium sulfate in the process of cement hydration [4, 5]. Ettringite 
shows characteristics such as a rapid hardening, early sustainable strength, expansion and 
self-stressing [6]. Ettringite possesses the ability to behave as a host for metallic pollutants to 
immobilize both cationic and anionic waste ions through sorption [7]. It can also be used as a 
material for remediation of contaminated sites, waste immobilisation in cementitious 
materials and waste-water treatment [8-10]. All these characteristics make the ettringite 
synthesis an interesting option to deal with the acid wastewaters from the anodising process 
[11]. Zhou et al., in 2004 [12], described the dehydroxylation of ettringite, having a 
decomposition product called metaettringite. 
 
Raman spectroscopy has proven most useful for the study of mineral structure. The objective 
of this research is to report the Raman and infrared spectra of ettringite and to relate the 
spectra to the mineral structure.  
 
2. Experimental 
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2.1 Samples description and preparation 
The ettringite sample studied in this work forms part of the collection of the Geology 
Department of the Federal University of Ouro Preto, Minas Gerais, Brazil, with sample code 
SAA-197. The sample was gently crushed and the associated minerals were removed under a 
stereomicroscope Leica MZ4. The ettringite studied in this work occurs as single crystals 
with prismatic hexagonal form up to 5 mm. The mineral was identified with X-ray diffraction 
and the unit cell parameters were refined. Scanning electron microscopy (SEM) in the energy 
dispersive spectroscopy (EDS) mode was applied to support the mineral characterization. 
2.2 X-ray diffraction 
X-ray diffractograms were obtained in a Shimadzu XRD 6000 diffractometer equipped with 
an iron tube and a graphite monochromator. The scans were done between 7-70o (2θ) with a 
scanning speed of 0.5 degree/min. Silicon was used as an internal standard. Cell parameters 
were refined by means of the Jade+ program using least-square refinement after subtracting 
the background and the Kα2 contribution and using intensity and angular weighting of the 
most intense peaks. 
 
2.3 Scanning electron microscopy (SEM) 
Experiments and analyses involving electron microscopy were performed in the Center of 
Microscopy of the Universidade Federal de Minas Gerais, Belo Horizonte, Minas Gerais, 
Brazil (http://www.microscopia.ufmg.br). 
 
Ettringite crystals were coated with a 5nm layer of evaporated carbon. Secondary Electron 
and Backscattering Electron images were obtained using a JEOL JSM-6360LV equipment. 
Qualitative and semi-quantitative chemical analyses in the EDS mode were performed with a 
ThermoNORAN spectrometer model Quest and was applied to support the mineral 
characterization. 
 
2.4 Thermogravimetric analysis – TG/DTG 
TG/DTG analysis of the ettringite were obtained by using TA Instruments Inc. Q50 high- 
resolution TGA operating at a 10 °C/min ramp with data sample interval of 0.50 s/pt from 
room temperature to 1000 °C in a high-purity flowing nitrogen atmosphere (100 cm3/min). A 
total mass of 40.00 mg of finely ground samples were heated in an open platinum crucible. 
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2.5 Raman microprobe spectroscopy 
Crystals of ettringite were placed on a polished metal surface on the stage of an Olympus 
BHSM microscope, which is equipped with 10x, 20x, and 50x objectives. The microscope is 
part of a Renishaw 1000 Raman microscope system, which also includes a monochromator, a 
filter system and a CCD detector (1024 pixels). The Raman spectra were excited by a 
Spectra-Physics model 127 He-Ne laser producing highly polarised light at 633 nm and 
collected at a nominal resolution of 2 cm-1 and a precision of ± 1 cm-1 in the range between 
200 and 4000 cm-1. Repeated acquisitions on the crystals using the highest magnification 
(50x) were accumulated to improve the signal to noise ratio of the spectra. Raman Spectra 
were calibrated using the 520.5 cm-1 line of a silicon wafer.  The Raman spectra of at least 10 
crystals were collected to ensure the consistency of the spectra.  
 
2.6 Infrared spectroscopy 
Infrared spectra were obtained using a Nicolet Nexus 870 FTIR spectrometer with a smart 
endurance single bounce diamond ATR cell. Spectra over the 4000−525 cm-1 range were 
obtained by the co-addition of 128 scans with a resolution of 4 cm-1 and a mirror velocity of 
0.6329 cm/s. Spectra were co-added to improve the signal to noise ratio. 
 
Spectral manipulation such as baseline correction/adjustment and smoothing were performed 
using the Spectracalc software package GRAMS (Galactic Industries Corporation, NH, 
USA). Band component analysis was undertaken using the Jandel ‘Peakfit’ software package 
that enabled the type of fitting function to be selected and allows specific parameters to be 
fixed or varied accordingly. Band fitting was done using a Lorentzian-Gaussian cross-product 
function with the minimum number of component bands used for the fitting process. The 
Gaussian-Lorentzian ratio was maintained at values greater than 0.7 and fitting was 
undertaken until reproducible results were obtained with squared correlations of r2 greater 
than 0.995. 
 
3. Results and discussion 
3.1 Mineral characterization 
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The X-ray diffraction pattern of is shown in Figure 1. All the major peaks can be attributed to 
ettringite, but there are a few low-intensity peaks that could not be properly identified. 
However, a closer inspection reveals that several peaks belonging to ettringite are split in two 
contributions. Attempts to associate these peaks with another mineralogical phase such as 
charlesite failed. Thus, it is proposed that these peaks are due to the existence of at least two 
different populations of minerals within the series ettringite and an unknown mineral.  The 
refined cell-parameters using only the ettringite peaks were found as: a = b = 11.203(8), and 
c = 21.46(1), in good agreement with the literature values [2]. 
 
The SEM image of ettringite sample studied in this work is shown in Figure 2. The image 
shows an aggregate of hexagonal prismatic crystals up to 4 mm.  Qualitative chemical 
analysis shows a homogeneous phase, composed by S, Ca and Al. Minor amounts of Si were 
also observed and are attributed to substitution for Al in a solid solution between ettringite 
and thaumasite with predominance of ettringite (Figure 3). Semiquantitative analysis 
indicates a member composed by 53 % of ettringite and 47 % of thaumasite in the solid 
solution. 
 
The pattern for the thermogravimetric analysis is presented in Figure 4. The TG curve shows 
a total mass loss of about 46.2 % on heating to 1000 ºC. An exothermic reaction was 
observed at 120 °C and suggests a phase of low thermal stability, as expected for mineral 
with genesis related to low temperature hydrothermal systems. The X-ray diffraction of the 
product of heating on TG was indentified as a mixture of anhydrite-CaSO4 and Ye'elimite- 
Ca4(AlO2)6SO4. 
 
3.2 Vibrational Spectroscopy Background 
The Raman spectroscopy of the aqueous sulphate tetrahedral oxyanion yields the symmetric 
stretching (ν1) vibration at 981 cm-1, the in-plane bending (ν2) mode at 451 cm-1, the 
antisymmetric stretching (ν3) mode at 1104 cm-1 and the out-of-plane bending (ν4)  mode at 
613 cm-1 [13].  Ross reports the interpretation of the infrared spectra for potassium alum as 
ν1, 981 cm-1; ν2, 465 cm-1; ν3, 1200, 1105 cm-1; ν4, 618 and 600 cm-1 [14].  Water stretching 
modes were reported at 3400 and 3000 cm-1, bending modes at 1645 cm-1, and librational 
modes at 930 and 700 cm-1 [15].  The Raman spectrum of the mineral chalcanthite shows a 
single symmetric stretching mode at 984.7 cm-1.  Two ν2 modes are observed at 463 and 445 
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cm-1 and three ν3 modes at 1173, 1146 and 1100 cm-1.  The ν4 mode is observed as a single 
band at 610 cm-1.  A complex set of overlapping bands is observed in the low wavenumber 
region at 257, 244, 210, 136 and 126 cm-1.  Recently, Raman spectra of four basic copper 
sulphate minerals, namely antlerite, brochiantite, posnjakite and langite, were published [16]. 
The SO symmetric stretching modes for the four basic copper sulphate minerals are observed 
at 985, 990, 974 and 972 cm-1.  Only the mineral brochantite showed a single band in this 
region. Multiple bands were observed for these minerals in the antisymmetric stretching 
region. 
 
Ross [14] also lists the infrared spectra of the pseudo-alums formed from one divalent and 
one trivalent cations. Halotrichite has infrared bands at ν1, 1000 cm-1; ν2, 480 cm-1; ν3, 1121, 
1085, 1068 cm-1; ν4, 645, 600 cm-1.  Pickeringite, the Mg end member of the halotrichite-
pickeringite series, has infrared bands at ν1, 1000 cm-1; ν2, 435 cm-1; ν3, 1085, 1025 cm-1; ν4, 
638, 600 cm-1 [14].  These minerals display infrared water bands in the OH stretching, 3400 
and 3000 cm-1 region; OH deformation, 1650 cm-1 region; OH libration, 725 cm-1 region. 
Ross also reports a weak band at ~960 cm-1, which is assigned to a second OH librational 
vibration [14].  As with the infrared spectra, Raman spectra of alums are based on the 
combination of the spectra of the sulphate and water.  Sulphate typically is a tetrahedral 
oxyanion with Raman bands at 981 (ν1), 451 (ν2), 1104 (ν3) and 613 (ν4) cm-1[17]. Some 
sulphates have their symmetry reduced through acting as monodentate and bidentate ligands 
[17].  In the case of bidentate behaviour both bridging and chelating ligands are known.  This 
reduction in symmetry is observed by the splitting of the ν3 and ν4 into two components 
under C3v symmetry and 3 components under C2v symmetry.   
 
3.3 Vibrational spectroscopy 
The Raman spectrum of ettringite over the complete measured wavenumbers is displayed in 
Figure 5a.  This figure shows the position of the Raman bands and their relative intensities 
and also provides an indication of the sharpness of these bands.  Large parts of the spectrum 
are noted where little or no intensity is found. Therefore, the spectra are subdivided into 
sections based upon the differing vibrations being studied. The infrared spectrum of ettringite 
over the 4000 to 500 cm-1 spectral range is reported in Figure 5b.  This figure shows the 
position and relative intensities of the infrared active ettringite bands. The spectra are 
subdivided into sections as is convenient based upon the vibrations being studied.  
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The Raman spectrum of ettringite over the 1400 to 800 spectral range is displayed in Figure 
6a.  This spectral region is the region of the symmetric stretching modes. The spectrum is 
dominated by an intense Raman band at 991 cm-1.  The position of this band is in agreement 
with previously published data [18].Two low intensity shoulders to this band are observed at 
982 and 998 cm-1. This band at 999 cm-1 is assigned to the SO42- ν1 symmetric stretching 
mode.  In addition, Raman bands are observed at 1072 (sharp), 1118 (very broad) and 1206 
cm-1. These bands with the exception of the 1072 cm-1 band may be attributed to the SO42- ν3 
antisymmetric stretching mode.  According to Myneni [19] the SO42- polyhedra of the 
channels in ettringite are present in three crystallographically different sites and exhibit 
weakly split S-O antisymmetric stretching vibrations  at 1136cm-1 (with several components) 
and symmetric stretch at 1016, 1008, and 989 cm-1.  The observation of three symmetric 
stretching bands in this work fits well with the concept of three different non-equivalent 
sulphate units in the ettringite structure. These researchers [19] studied the incorporation of 
arsenate ions into the ettringite structure and reported the changes in the Raman and infrared 
spectra during this adsorption.  
 
The band at 1072 cm-1 looks very much like a carbonate stretching mode. It is possible that 
the mineral being studied is a solid solution between ettringite and thaumasite 
Ca3(SO4)[Si(OH)6]CO3∙12H2O.  Thus the presence of this latter mineral in the solid solution 
would give rise to the carbonate bands.  
 
Raman spectroscopy has been used to determine the various phases in concrete [20]. It has 
been used to assess the structure of thaumasite [21]. The thermal decomposition of ettringite 
has been studied by Raman spectroscopy [22, 23].  Raman spectroscopy has also been used to 
study the sulphation of cements and their sulphate assisted decomposition [18].  However, 
most of these references do not assign the observed sulphate Raman bands.  Renaudin et al. 
compared the spectra of ettringite, gypsum and thenardite.  These workers showed that the 
position of the sulphate symmetric stretching mode was mineral structure dependent. The 
position of the sulphate symmetric stretching mode of synthetic ettringite analogue was found 
at 990 cm-1.  Renaudin et al. determined the sulphate antisymmetric stretching vibrations for a 
synthetic ettringite analogue at 1087 and 1118 cm-1, which are in reasonable agreement with 
the results of our natural minerals reported here.  
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The infrared spectrum over the 1300 to 800 cm-1 spectral range is shown in Figure 6b.  Strong 
infrared bands are observed at 1053, 1078 and 1109 cm-1, which may be assigned to the SO42- 
ν3 antisymmetric stretching mode.  The low intensity infrared band at 986 cm-1 is attributed 
to the SO42- ν1 symmetric stretching mode.   
 
The Raman spectra of ettringite over the 800 to 300 cm-1 spectral range and over the 300 to 
100 cm-1 spectral range are shown in Figure 7.  A series of Raman bands are observed at 651, 
625, 602, 584 and 546 cm-1. These bands are assigned to the ν4 (SO4)2- bending modes.  
Renaudin et al. [18] found a Raman band at 549 cm-1 for a synthetic ettringite analogue and 
attributed this band to an Al(OH)6 vibration. We found a Raman band at 546 cm-1.  
The observation of multiple bands in this ν4  spectral region offers evidence for the reduction 
in symmetry of the sulphate anion from Td to C2v or even lower symmetry.  The Raman band 
at 762 cm-1 is attributed to a hydroxyl deformation mode associated with AlOH units. It is 
likely that the infrared bands at 851 and 877 cm-1 are due also to this vibrational unit.  The 
Raman band at 455 cm-1 with a low wavenumber shoulder at 430 cm-1 are ascribed to the ν2 
(SO4)2- bending modes.  Renaudin et al. [18] found a band at 451 cm-1 for a synthetic 
ettringite analogue and assigned this band to a ν2 sulphate vibration.  The band at 359 cm-1 is 
attributed to a CaO stretching vibration. In the far low wavenumber region a broad spectral 
feature is observed, which may be resolved into component bands at 237, 211, 180, 115 and 
115 cm-1.  These bands are simply described as lattice vibrations.  
 
The Raman spectrum of ettringite over the 3800 to 2600 cm-1 spectral range is illustrated in 
Figure 8a.  The spectrum shows two features: a band at 3629 cm-1 and a broad feature at 
around 3500 cm-1.  This latter band may be resolved into component bands at 3487, 3386 and 
3260 cm-1.  The first band at 3629 cm-1 is assigned to the OH stretching vibration of the OH 
units. The broad feature is attributed to water stretching vibrations.  Renaudin et al. observed 
the OH stretching vibration at 3638 cm-1.  These researchers found the water band at 3440 
cm-1 and found the band was very broad.  
 
The infrared spectrum of ettringite over the 3800 to 2600 cm-1 spectral range is shown in 
Figure 8b.  The spectral profile of the infrared spectrum resembles the Raman spectrum in 
this spectral region. An infrared band is found at 3626 cm-1 assigned to the OH stretching 
vibration of the OH units.  The broad band centred upon 3398 cm-1 is assigned to the water 
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stretching vibration. The broad band may be resolved into component bands at 3398, 3241 
and 3116 cm-1.  The infrared spectrum of ettringite over the 1800 to 1300 cm-1 spectral range 
is shown in Figure 9. It should be noted no intensity was found over this spectral range in the 
Raman spectrum.  Two infrared bands are found at 1676 and 1636 cm-1 and are assigned to 
water stretching vibrational modes. The band at 1403 cm-1 may be due to a carbonate 
impurity. It is possible that the mineral being studied is a solid solution between ettringite and 
thaumasite Ca3(SO4)[Si(OH)6]CO3∙12H2O.  Thus the presence of this latter mineral in the 
solid solution would give rise to the carbonate bands.  
 
 
4. Conclusions 
 
Ettringite is an important mineral formed in concrete. The formation of ettringite through the 
sulphation of concrete results in concrete degradation through delayed ettringite formation. 
Raman spectroscopy offers an important means for the identification of ettringite in concrete 
especially concretes based upon Portland cement.  
 
We have studied the natural mineral ettringite using a combination of vibrational 
spectroscopy, thermogravimetry, X-ray diffraction and scanning electron microscopy with 
EDX. Thermogravimetry shows that water is lost at low temperatures. X-ray crystallography 
proves the mineral studied was precisely ettringite. EDX using SEM enables the formula of 
the mineral to be determined. Raman spectroscopy identifies multiple sulphate symmetric 
stretching modes in line with the three sulphate crystallographically different sites.  
Vibrational spectroscopy enables an assessment of the molecular structure of ettringite to be 
made.   
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Figure 1  X-ray diffraction pattern of ettringite (Et). Silicon was added as an internal 
standard.  
 
Figure 2  Backscattered electron image (BSI) of a ettringite single crystal up to 0.5 mm in 
length.  
 
Figure 3  EDS analysis of ettringite. 
 
Figure 4  Thermogravimetric analysis of ettringite from Kuruman manganese deposit, South 
Africa. 
 
Figure 5 (a) Raman spectrum of ettringite over the 4000 to 100 cm-1 spectral range (b) 
Infrared spectrum of ettringite over the 4000 to 500 cm-1 spectral range 
 
Figure 6 (a) Raman spectrum of ettringite over the 1300 to 800 cm-1 spectral range (b) 
Infrared spectrum of ettringite over the 1300 to 800 cm-1 spectral range 
 
Figure 7 (a) Raman spectrum of ettringite over the 800 to 300 cm-1 spectral range (b) Raman 
spectrum of ettringite over the 300 to 100 cm-1 spectral range  
 
Figure 8 (a) Raman spectrum of ettringite over the 3800 to 2600 cm-1 spectral range (b) 
Infrared spectrum of ettringite over the 3800 to 2600 cm-1 spectral range 
 
Figure 9 Infrared spectrum of ettringite over the 1800 to 1300 cm-1 spectral range 
 
 
 
 
 
 
 
 
 
